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Introduction 

Instantaneous and average experimental informa- 
tion in supersonic and hypersonic flow fields can be 
quite useful when compared with computational fluid 
dynamic (CFD) calculations. (See ref. 1.) Quan- 
titative temperature measurements can be made 
and qualitative information can be obtained from 
flow-field visualization studies. Qualitative informa- 
tion may include the location of flow constituents, 
the size and location of both instantaneous and aver- 
age flow structures, and the unsteadiness of the flow 
field. Traditional methods of measurement are in- 
trusive; that is, they rely on the insertion of probes 
into the flow field. However, such methods can affect 
the parameters they seek to measure. (See refs. 2 
and 3.) With the introduction of high-power laser 
systems into research applications, optical diagnos- 
tic techniques can now be applied to measure desired 
parameters. Optical techniques have several advan- 
tages over probes: they are nonintrusive, instanta- 
neous, and capable of measuring parameters in two 
dimensions over the flow field. 

Two successful optical techniques for unseeded 
supersonic, hypersonic, and combusting flows are 
Rayleigh scattering (refs. 4-9) and laser-induced flu- 
orescence. (See refs. 10 16.) Rayleigh scattering gen- 
erates a signal related to the sum of the mole fraction, 
weighted Rayleigh cross sections for each species in 
the flow field. Under certain conditions, this signal 
can be related to temperature. Laser-induced fluo- 
rescence generates a signal which can be related to 
the density of the individual species being probed. In 
many cases, the hydroxyl radical (OH) is probed be- 
cause it is an intermediate in the combustion process 
and is easily accessible spectroscopically with current 
laser technology. 

This study ha s three objectives: to demonstrate 
the advantage of a xenon chloride (XeCl) tunable 
laser on both techniques for the successful genera- 
tion of planar information in the vitiated air compo- 
nent of an unseeded Mach 2 flow field, to investigate 
the potential of planar Rayleigh scattering (PRS) to 
obtain planar temperature data in the vitiated air 
component, and to use planar laser-induced fluores- 
cence (PLIF) to obtain qualitative information about 
the location and the instantaneous and average flow 
structures that contain OH. 

Symbols 

C correction factor (eq. (5)) 

cm" 1 wave numbers 

da/dTt differential Rayleigh cross section 


(dcr/dn) e ff 

effective differential Rayleigh cross 
section 

h 2 

hydrogen molecule 

h 2 o 

water molecule 

k 

universal gas constant divided by 
Avogadro’s number 

N 

molecular number density 

N t 

sum of molecular number densities 
of each component in flow 

n 2 

nitrogen molecule 

0 

oxygen atom 

OH 

hydroxyl molecule 

o 2 

oxygen molecule 

P 

pressure, atm 

Ql(3), Pi(i) 

spectroscopic notation used to 
describe transition probed in OH 
molecule 

R 

universal gas constant 

S 

signal level with units of photo- 
electrons per laser pulse 

T 

temperature, K 

V 

excitation volume 

X,Y,Z 

Cartesian coordinates 

XeCl 

xenon chloride 

X(i) 

mole fraction of species i 

e 

* 1 ? 

<1 

fractional population of OH 
molecules in rotational level from 
which excitation originates 

Al'eff 

effective absorption line width for 
OH transition 

Vett 

excited molecules fraction which 
emits photon; fluorescence quantum 
yield 

vpmt 

photocathode quantum efficiency 

m 

transmission of collection optics 

V 

radiation frequency, cm -1 

&0 

integrated absorption cross section 

$ 

laser photon flux 

n 

solid angle of collection 

Abbreviations: 

BS1-BS3 

beam splitters 



CCD 

charge-coupled device; video camera 
array detector 

CFD 

computational fluid dynamics 

CL1 CL4 

cylindrical lenses 1 through 4; laser 
sheet-forming optics 

FWHM 

full width at half maximum of OH 
transition line width; laser line 
width 


three components in amounts similar to those tabu- 
lated. Cheng et al. (ref. 19) and Cheng, Wehrmeyer, 
and Pitz (ref. 20) also measured the average mole 
fractions of hydrogen in the vitiated air. They re- 
ported a value less than 0.0001, which indicates it was 
a minor species. Based on equation (1), the molecu- 
lar Rayleigh signal in this flow field will be related to 
the sum of the densities of the components of vitiated 
air, weighted by the individual cross sections. 


HR1 
LIF 
L1-L6 
PD1, PD2 

PLIF 

PMT 

PRS 

rms 


high reflector 
laser-induced fluorescence 
spherical lens 

sample- and- hold photodiode 
detectors 

planar laser-induced fluorescence 
photomultiplier tube 
planar Rayleigh scattering 
root mean square 


Principle of Laser Diagnostic Technique 

Rayleigh Scattering 

Rayleigh scattering is the result of elastic scat- 
tering of light from molecules. This process gen- 
erates radiation with no change in frequency. The 
Rayleigh signal, which can be expressed as the num- 
ber of photoelectrons per laser pulse (ref. 5), is given 

by 

S = ^ ( 1 ) 

where N is the number density of molecules, dcr/dQ, 
is the differential Rayleigh cross section, <f> is the 
laser photon flux, V is the excitation volume, £1 is 
the solid angle of collection, rjt is the transmission 
of collection optics, and rj pmt 1S the photocathode 
quantum efficiency. 

The flow field that exits the outer injector at a 
Mach number of 2 comprises several species which 
collectively are known as vitiated air. Vitiated air is 
formed from the combustion of hydrogen and air in 
the settling chamber; oxygen is then added to replace 
that consumed in combustion. The resulting vitiated 
air is hot and has an oxygen content of 21 percent. 
The major vitiated air components in this portion of 
the flow field are molecular nitrogen (N 2 ), molecu- 
lar oxygen (0 2 ), and water (H 2 0) (refs. 17 and 18) 
in the proportions shown in tables I and II. Cheng 
et al. (ref. 19) and Cheng, Wehrmeyer, and Pitz 
(ref. 20) measured average mole fractions of these 


Table I. Nominal Conditions for Supersonic Burner 


General parameters: 

Air mass flow rate (±2 percent), kg/sec .... 0.0735 

H2 mass flow rate (±2 percent), kg/sec .... 0.00173 
O2 mass flow rate (±3 percent), kg/sec .... 0.0211 

Fuel mass flow rate (±3 percent), kg/sec . . . 0.000362 

Nozzle exit inside diameter, mm 17.78 

Fuel injector inside diameter, mm 2.36 

Fuel injector outside diameter, mm 3.81 

Fuel injector height above outer nozzle, mm .... 2.8 

Stagnation conditions: 

Pressure (±4), torr 5930 

Temperature, K 1752 

Vitiated air exit conditions: 

Pressure, torr 760 

Temperature, K 1250 

Mach number 2 

Velocity, m/sec 1417 

O2 mole fraction 0.201 

N2 mole fraction 0.544 

H 2 0 mole fraction 0.255 

Fuel exit conditions: 

Pressure, torr 796 

Temperature, K 545 

Mach number 1 

Velocity, m/sec 1780 

H2 mole fraction 1 


Table II. Mole Fractions of Relevant Supersonic 
Burner Constituents 


Condition 


Mole fraction for- 

- 

n 2 

o 2 

h 2 o 

OH 

Room air 

0.79 

0.21 

0 


Vitiated air 

.544 

.201 

.255 

<0.0001 

Combusted, 

.495 

.091 

.414 


vitiated air 






This flow field has two characteristics that permit 
the signal obtained in the Rayleigh experiments to be 
converted to a temperature map. First, the pressure 
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throughout this flow field was 760 torr and assumed 
uniform. (See the section, u Supersonic Burner.”) 
Second, the flow field comprised three major species 
which possess similar Rayleigh cross sections at the 
wavelengths shown in table III. 

Table III. Differential Rayleigh Cross Sections of 
Relevant Species as Function of Wavelength 

"Cross sections calculated from refractive index" 
data in reference 22; values multiplied by 
1 x 10 28 ; units in cm 2 /sr 


Wavelength, nm 

Rayleigh cross section for 

n 2 

o 2 

h 2 o 

OH 

514.5 

7.03 

5.78 

5.01 

10.86 

363.8 

29.28 

24.44 

21.43 

57.88 

308.0 

58.90 

49.73 

44.03 

146.00 


Apparently, no Rayleigh cross-section measure- 
ments are available at 308 nm for the three major 
species. Shardanand and Prasad Rao (ref. 21) have 
measured the frequency dependence of the Rayleigh 
cross sections for several gases, including O 2 and N 2 . 
They have shown that the values of the Rayleigh 
cross sections can be calculated from the molecule 
index of refraction and can be extrapolated from 
one wavelength to another using a radiation fre- 
quency v 4 dependence. Their data were acquired 
from 694.3 to 363.8 nm but suggest that extrapo- 
lation over a wider range is possible. Unfortunately, 
their measurements did not include water. Gardiner, 
Hidaka, and Tanzawa (ref. 22) present recommended 
values for calculating the wavelength dependence of 
the refractive index for many important combustion 
species. Their data were used to calculate all the 
Rayleigh cross sections in table III, which agree with 
the results of Shardanand and Prasad Rao. (See 
ref. 21.) 

The effective differential Rayleigh cross section 
(da/dQ ) e ff of a gas mixture is the sum of the mole 
fraction X(i) weighted cross sections [dcr(i)/dQ\ and 
can be expressed (refs. 5 and 6) as 


where Nt represents the sum of the number densities 
of each component in the flow. Consider the value 
of the effective differential Rayleigh cross section for 
room air, vitiated air, and combusted vitiated air (de- 
fined in the next paragraph) based on the mole frac- 
tions and differential Rayleigh cross sections of the 
constituent species in tables II and III. The respec- 
tive values at 308 nm are 56.97 x 10“ 28 , 53.26 x 10 28 , 
and 51.91 x 10 -28 cm 2 /sr. If the effective cross sec- 
tion for vitiated air is chosen as the reference point, 
the large changes in mole fraction for the other cases 
result in only a —2.5-percent deviation of the effec- 
tive cross section for combusted vitiated air and a 
7.0-percent deviation for room air. Therefore, if the 
flow field contained mainly N 2 , O 2 , and H 2 O and 
possessed the expected Rayleigh cross sections, then 
the effective Rayleigh cross section can be consid- 
ered independent of flow-field composition. In these 
experiments, the calibration is based on the effective 
Rayleigh cross section for room air. 

Combusted vitiated air occurs when the oxygen 
has reacted fully with sufficient hydrogen to produce 
water. This composition will be a downstream ele- 
ment when all the hydrogen from the center injector 
is combusted. 

The relationship between pressure P, density iV, 
and temperature T is expressed by the ideal gas 
equation 

P = NkT (4) 

Equation (3) shows that the Rayleigh signal is related 
to the total number density. Substitution of equa- 
tion (4) into equation (3) shows that the Rayleigh 
signal is inversely related to the temperature. (See 
refs. 5 and 6.) The supersonic burner was operated 
to produce a vitiated air flow field in which the static 
pressure was assumed uniform at 760 torr; the cali- 
bration data were acquired under a known temper- 
ature (296 K). Normalization of the Rayleigh signal 
produced the following relation: 

T 2 =T,|L (5) 



= X(N 2 ) 


da{ N 2 ) 


+ X(H 2 0) 


d£l 
da( H 2 0) 


X(0 2 ) 


da[ O 2 J 
dfl 


dn 


(2) 


Therefore, equation (1) can be written as 


S = 





( 3 ) 


where S\ in this experiment is the signal generated by 
atmospheric-pressure air at room temperature (7\), 
£2 is the signal generated by the vitiated flow at 
temperature T 2 , and C is a factor equal to 1.07 to 
correct for the difference in the effective Rayleigh 
cross section between the room-air calibration signal 
and the vitiated flow signal. If the observed signal 
is due to molecular Rayleigh scattering, the pressure 
throughout the flow field is both known and uniform, 
and the effective Rayleigh cross section is assumed 


3 




independent of composition, then the signal levels 
reflect total density and can be used to generate a 
planar temperature map of the flow field. 

This approach should be valid for the vitiated air, 
the combusted vitiated air, and the pure hydrogen 
(center injector) portions of this flow field. Results 
are presented only for the vitiated air. 

Laser-Induced Fluorescence 

Laser-induced fluorescence (LIF) is a process 
where a laser induces a molecule to absorb light, then 
the molecule undergoes spontaneous emission, usu- 
ally from an excited electronic state manifold. In 
general, the emission frequency is different from the 
absorption frequency. In this LIF experiment, the 
signal from the OH molecule expressed as the num- 
ber of photoelectrons per laser pulse at a point in the 
laser sheet (ref. 23) is given by 

S = N — ■ 0 W Tfeff — 77f7/pMT (6) 

n 47T 

where N is the OH number density, A n/n is the frac- 
tional population in the rotational level from which 
excitation originates, a Q is the integrated absorption 
cross section, Ai/ e fj is the effective absorption line 
width for the transition which is computed by con- 
volving the laser line width with the homogeneous 
and inhomogeneous (Doppler) line width, and r/ e ff is 
the fraction of excited molecules which emits a pho- 
ton (the fluorescence quantum yield). 

The vitiated air portion of this flow field con- 
tained O 2 , N 2 , and H 2 O under the conditions listed 
in table II. These conditions will result in an OH con- 
centration of approximately 5.5 x I0 13 molecules/cm 3 
if the OH were in thermodynamic equilibrium. This 
value was calculated using the PACKAGE chemi- 
cal equilibrium code. 1 In this study, PLIF was in- 
duced by tuning the laser to the Ql(3) transition 
of OH. (Ql(3) as used here represents spectroscopic 
notation.) 

Experiment 

Excimer Laser Configuration 

Figure 1 shows a schematic diagram of the setup 
for both the Rayleigh and LIF experiments. A 
pulsed, dual-cavity XeCl tunable excimer laser op- 
erating near 308 nm was used to probe the flow 


l The PACKAGE code was developed by Aerodyne Re- 
search, Inc., Billerica, Massachusetts. Information obtained 
from A. Paboojian or K. Annen. 


field. The laser had a pulse duration of 20 nsec, an 
output of 96 mJ per pulse, and a repetition rate 
of 10 pulses per second. The narrow-band output 
(0.32 cm -1 at FWHM) of this laser was polarized 
by a grating (rear reflector in the laser) and other 
optics in the oscillator cavity. According to the man- 
ufacturer’s specifications, the output of the amplifier 
is approximately 20 percent s-polarized and 80 per- 
cent p-polarized. This polarization was maintained 
throughout the beam-shaping optics. The plane of 
incidence contained the laser beam and a line nor- 
mal to the direction of the flow field and directed 
toward the camera (i.e., the X-Z plane in fig. 1). By 
this definition, the s-polarization was parallel to the 
flow field in the X direction. 

The tunable excimer laser operated on the 
injection-locking principle. The oscillator cavity 
produced a low-energy spectrally narrow-bandwidth 
laser pulse. The pulse was injected into the ampli- 
fier. This design leads to the concept of locking ef- 
ficiency, defined as the ratio of energy in a desired 
narrow bandwidth of radiation to the total laser en- 
ergy at all frequencies produced by the laser. In this 
experiment, high locking efficiency was required to 
minimize excitation of all transitions under the laser 
gain profile, except for the chosen one. To improve 
locking efficiency, the laser was modified according to 
the method of Wodtke et al. (See ref. 24.) This tech- 
nique was expected to increase the locking efficiency 
from the manufacturer’s specification of 90 percent 
to approximately 99 percent. 

Laser performance was monitored to assure the 
integrity of the experimental results. Changes in the 
following laser characteristics were also monitored: 
total laser energy, locking efficiency, and laser fre- 
quency. To this end, the fraction (0.1 percent) of 
laser light transmitted through the first beam split- 
ter (BS1) in figure 1 was reduced in size by a factor of 
10 using lenses LI and L2. The beam was reflected by 
beam splitter 2 (BS2) onto a sample-and-hold photo- 
diode detector (PD1) that monitored the total laser 
energy. The remaining beam was passed through the 
premixed hydrogen/air flat flame burner. The laser 
was tuned to the Ql(3) transition of OH. The re- 
sulting fluorescence was collected and imaged onto 
PMT1. An interference filter was used to block un- 
wanted flame luminescence and room light. The sig- 
nal from PMT1 was sampled by means of a boxcar 
integrator, the output of which was recorded for each 
laser pulse. Any decrease in the locking efficiency re- 
sulted in a signal level decrease. A block in the oscil- 
lator input produced the minimum locking efficiency 
and reduced the signal levels to approximately 5 per- 
cent of the peak value. This signal was also used to 
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Figure L PRS and PLIF experimental setup. Coordinate system shown has origin on center tip of hydrogen injector. 


test for long-term laser drift from the OH transition 
line center. 

The total laser energy was monitored at two 
points with PD1 and PD2: PD1 was positioned 

before the flat flame burner; PD2 was set up to 
monitor the laser energy after the beam had passed 
through the supersonic burner. No large optics were 
available to image the entire large laser sheet onto 
the PD2 after the beam had passed through the 
supersonic burner. Therefore, only a small section 
was split off and directed onto the second photodiode. 
All signals were digitized and stored in a computer. 

A low-resolution excitation scan (solid line in 
fig. 2) was taken over the gain profile of the XeCI 
excimer laser. The dotted line represents the 
laser-locking efficiency profile for this region. Sig- 
nal levels were the averages of 10 laser pulses at 
each frequency interval. The frequency was var- 
ied by the rotation of a grating in the excimer 
laser. Data were acquired with the hydrogen/air 
flat flame burner and detection system shown in fig- 
ure 1. This scan related grating position to laser fre- 
quency, which allowed the grating to be tuned to the 


Laser-locking 

efliciency 



Figure 2. Low-resolution excitation scan of OH observed in 
hydrogen/air flat flame burner with tunable XeCI excimer 
laser. Locking efficiency was maximum near peak of laser 
profile. LIF signal levels at frequencies outside gain profile 
are from broadband spectral laser output that excites 
all OH transitions in excimer gain profile. Scan was 
average of 10 laser pulses at each grating step, which 
corresponds to 0.37 cm -1 . Laser tuned to 32 441.8 cm 1 
(Ql(3) transition) to generate PLIF and to 32 465 cm 1 
to generate PRS signals. 
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appropriate frequency for either PLIF or PRS data. 
The grating step size was approximately 0.37 cm -1 
and the OH transition line width was approximately 
0.35 cm -1 at FWHM in the flat flame burner. This 
large step size created a condition where a step was 
possible from one side of a transition line shape to 
the other without our having to sample the peak 
value. This step explains the observed intensity ra- 
tio Q1(3)/P1(1) « 1 versus the calculated intensity 
ratio expected in the flat flame burner (»2). For 
the planar experiments, the resolution of the grat- 
ing driver was improved by an order of magni- 
tude. To generate PLIF, the laser was tuned to 
32 441.85 cm" 1 , which excited the Ql(3) transition in 
the (0-0) band of the A 2 £ + <— X 2 7 t system of OH. 
This frequency was chosen for two reasons. First, 
the laser-locking efficiency at this frequency was high. 
Second, this frequency overlapped the OH transition 
with a Boltzmann fraction that has less temperature 
dependence than any OH transition in the XeCl gain 
profile. The planar Rayleigh signal was generated 
when the laser was tuned to 32 465 cm" 1 ; this fre- 
quency was chosen because it generated the highest 
laser- locking efficiency and least interfered with the 
OH LIF. 

Optical Configuration 

Two cylindrical telescopes were used to form the 
narrow-band laser output into a sheet 6 cm high and 
300 fi m thick. (Beam transfer optics, BS1 and the 
high reflector HR1, were used to direct the laser into 
the telescopes.) The telescope lenses (CL1-CL4 in 
fig. 1) were uncoated and consisted of the follow- 
ing diameters and focal lengths: 50.8 x 254 mm, 
50.8 x -63.5 mm, 50.8 x -203.2 mm, and 76.2 x 
457 mm. The laser sheet passed through the flow 
and the resulting unfiltered LIF and Rayleigh signals 
were imaged at 90° with respect to the laser beam 
by the gated, double-intensified, frame transfer, 
charge-coupled device (CCD) in figure 1. The CCD 
consisted of a two-dimensional array (244 rows x 
780 columns) with pixel dimensions 27 x 11.5 /im, 
respectively. Each of the 244 rows was divided 
electronically to produce the required video signal 
(RS-170 format), which creates actual dimensions in 
this same direction of approximately 14 /im. To opti- 
mize resolution along the direction of flow, the cam- 
era was rotated 90°. The intensifier gate duration 
was set to 300 nsec to block both room light and 
flame luminescence. Different planar locations in the 
flow field were probed by translation of the super- 
sonic burner. All optical components remained fixed. 
The video signal from the camera was fed into a dis- 
tribution amplifier, then was diverted to one of four 
output devices: the loop- through output signal was 


sent to a frame grabber and digitized, the second out- 
put signal was sent to a video cassette recorder, the 
third output signal was sent to a video-level monitor- 
ing device to determine if the detection electronics 
were being saturated, and the fourth output signal 
(not shown for clarity) was used to trigger a circuit 
which controlled and synchronized all the equipment 
required for data acquisition. The data acquisition 
equipment included the excimer laser, camera gate, 
frame grabber, and digitizer. 

In the planar Rayleigh experiment, the solid angle 
of collection was maximized to obtain high signal 
levels. This maximization was accomplished by two 
50.8-mm-diameter lenses with focal lengths of 152 
and 76 mm that were placed 500 mm from the 
plane of observation. The measured resolution was 
approximately 1 mm parallel to the flow and 2 mm 
perpendicular to the flow. The demagnification was 
approximately 7.8x. 

Calibration Procedures 

The laser/camera system was calibrated to min- 
imize uncertainties associated with the photon flux, 
interaction volume, solid angle of collection, optics 
transmission, and the differences in quantum effi- 
ciency and gain of different pixels on the CCD. Linear 
calibrations were assumed and based on two calibra- 
tion points. The first point was obtained by measur- 
ing the Rayleigh signal generated from room air and 
the second obtained with the camera shutter closed. 
In both cases, 22 images were averaged after being 
normalized by the instantaneous total laser energy 
recorded on PD1. In this experiment, 22 images filled 
the available memory in the data acquisition system. 
For each pixel of the array, the data were used to 
generate a linear plot of Rayleigh signal as a func- 
tion of pressure in which zero pressure was assumed 
when the shutter was closed. Then, a calibration file 
was created with a slope and intercept that corre- 
sponded to each pixel. The calibration file related 
signal level to pressure in torr at room temperature. 
This calibration was applied to the PRS signal levels 
obtained in the vitiated air. The result was an image 
with units of pressure in torr at room temperature. 
These units are referred to as deduced pressure. 

A similar procedure was used for the PLIF im- 
ages. However, in the PLIF results, the Rayleigh 
signal obtained in the calibration file was used in 
the calibration procedure instead of a signal resulting 
from the OH PLIF. Therefore, the results were ex- 
pressed in terms of an arbitrary signal level. Because 
the signal levels generated in the PLIF experiments 
were high relative to the Rayleigh calibration, the 
camera gain was reduced by a factor of 3.2 and the 
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incident laser energy by a factor of 6.2 to prevent 
detection system saturation. This reduction was ac- 
complished by the insertion of filters in the beam 
path. Measurements indicated that these actions in- 
troduced less than a 10-percent change in the relative 
signal levels observed by the CCD array. 

The experimental data were then compared with 
the results of point measurements (refs. 17 20) per- 
formed on the supersonic burner. However, first the 
pixel position had to relate to the flow-field position. 
Therefore, a target was constructed that contained 
a matrix of squares 12 mm along each side. The 
target was centered on and in contact with the cen- 
ter injector, the camera was aligned to the target 
centerline, the target was illuminated by scattered 
308-nm radiation, and the average of 22 images was 
obtained. From this average the required scale fac- 
tors were obtained. 

Supersonic Burner 

The measurements were performed in a super- 
sonic burner shown in figure 3 and described in ref- 
erences 17 and 18. The flow facility consisted of an 
inner central jet with an inside diameter of 2.36 mm, 
which injects hydrogen at a Mach number of 1, and 
an outer coflowing annular jet (inside diameter of 
17.8 mm), which provides heated vitiated air at a 
Mach number of 2. The coflowing airstream at 
Mach 2 was heated by hydrogen combustion in the 
settling chamber. Then O 2 was added to replace that 
consumed in combustion. The resulting vitiated hot 
air had an oxygen content of 21 percent. The hydro- 
gen at Mach 1 was heated indirectly; that is, the in- 
jector tube was heated by the hot, vitiated airstream. 
Detailed flow conditions are listed in table I. This 
combination of not only fuel temperature and pres- 
sure but also vitiated air temperature and pressure 
caused autoignition and produced a turbulent diffu- 
sion flame at the supersonic hydrogen/ vitiated air 
interface. In this study, the vitiated air away from 
the flame front was studied. No measurements in the 
flame front are reported. 

The flow rates of gases into the settling chamber 
as well as the center hydrogen injector were computer 
controlled and corrected every 6 sec to a preset 
value. Exit conditions in table I were calculated 
based on the total pressure in the settling chamber 
and the ratio of the area between the nozzle and the 
settling chamber (assuming an adiabatic expansion). 
A pressure tap in the wall of the settling chamber was 
used to monitor the total pressure continuously in the 
settling chamber. These measurements never varied 
by more than ±2 percent during a run. The burner 
was designed and gas parameters selected to exhaust 
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Figure 3. Supersonic burner. One of four symmetric hydrogen 

injectors in settling chamber shown for clarity. 

into the ambient environment at a static pressure 
equal to atmospheric pressure. 

Two other flow-field characteristics can affect the 
total pressure: shock waves and the turbulent shear 
layers (hydrogen/ vitiated air interface and vitiated 
air/room air interface). The matched static pres- 
sure between the hot vitiated airstream and the fuel 
means shock waves in the flow field will be weak. No 
data were acquired near the hydrogen/vitiated air in- 
terface. The PRS signals near the vitiated air/room 
air interface show no evidence of a large pressure rise. 
Based on these arguments and those of the previous 
paragraph, the static pressure in the vitiated air por- 
tion of this flow field was assumed to vary less than 
10 percent from 760 torr. This conclusion was sup- 
ported by the results in references 17-20. 

Results and Discussion 

To facilitate comparison between these data and 
data obtained by other researchers, a coordinate 
system was defined. The center tip of the fuel injector 
was chosen as the origin. The tip of the center 
injector was approximately 2.8 mm above the top 
of the outer injector. The X-axis was parallel to the 
flow, the T-axis was parallel to the laser sheet, and 
the positive Z-axis ran from the fuel injector toward 
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the camera. This setup is shown schematically in 
figures 1 and 3. The spark plug in figure 3 was used 
to initiate combustion in the settling chamber. After 
this event, the supersonic burner was translated to 
allow the flow field to be probed along the positive 
Z-axis. 

Unfortunately, the location of the center fuel 
injector changed after the supersonic burner was 
ignited. Later measurements showed that it moved 
0.2 to 0.4 cm along the negative Z-axis (i.e., away 
from the camera). In the present experiments the 
location of the injector position was not measured 
directly. Instead, a correction was made to the 
Z-axis coordinates that assumed an error of —0.3 cm. 
This correction introduced an expected uncertainty 
in the absolute Z-axis position of ±0.1 cm. 

Both PRS and PLIF were used to study this flow 
field at six locations (0.3, .4, .5, .6, .10, and .13 cm) 
along the Z-axis. For clarity, only the PRS and PLIF 
data at Z = 0.4 and .6 cm are presented. The latter 
are representative of the data obtained at all other 
locations. Access to all data not presented in this 
report can be gained by contacting the author. 

Rayleigh Scattering 

Figures 4(a) and 4(b) show sequential planar 
Rayleigh images acquired at 0.6 cm along the 
Z-axis. Figure 5 shows similar images acquired at 
Z = 0.4 cm. The high flow velocity (1417 m/sec in 
table I) and short pulse duration of the laser rela- 
tive to the flow-field velocity indicate that the data 
represent “frozen” images of the flow. Because the 
interval between images was 100 msec and the flow 
velocity was 1417 m/sec, all images should be viewed 
as temporally uncorrelated. Calibration adjustments 
were applied and the resulting signal levels are now 
expressed in terms of deduced pressure at room tem- 
perature. In these experiments, the calibration was 
based on the effective Rayleigh cross section for room 
air. However, application of this curve to the exper- 
imental data will yield deduced pressures within the 
flow field which are too low by a factor of 1.07. The 
images in figures 4 and 5 are not corrected for this 
factor. 

Figure 4(c) shows the average of 22 consecutive 
PRS images. (It includes the data in figs. 4(a) 
and 4(b).) Based on the operating conditions of the 
supersonic burner, deduced pressures from molecular 
Rayleigh signal levels inside the flow field should not 
exceed 760 torr. This restriction is also true for the 
room air outside the flow field. Consider the average 
image in figure 4(c). Choose a square region out- 
side the flow field with one corner at X = 2 cm and 


Y = 2 cm and the lower diagonal corner at X = 1 cm 
and Y = 2.5 cm. This region was chosen because 
it was farthest from the flow field and signal levels 
should be due only to room air constituents. The 
resulting mean and standard deviation (a) of the de- 
duced pressure in this region based on statistical av- 
erages are 741 ± 46 torr and 2 cr, respectively. These 
signal levels were consistent with molecular Rayleigh 
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Figure 4. Planar Rayleigh images at Z = 0.6 cm. Gray 
scale is in torr. Parts (a) and (b) show instantaneous 
Rayleigh images converted to deduced pressure at room 
temperature. Data were normalized for camera gain 
change of a factor of 2.4. Part (c) shows average Rayleigh 
image based on sum of 22 images. 
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scattering and none higher were expected in these 
images. However, the signal levels in certain regions 
of figures 4(a) and 6 exceeded this value. Any 
signal levels in the Rayleigh images which exceeded 
the maximum expected statistical average by more 
than 4a are now referred to as anomalous. (The 
anomalous signals are discussed later.) 

Previously we have shown that if the observed 
Rayleigh signal was due mainly to molecular 
Rayleigh scattering, the pressure throughout the flow 
field was assumed uniform and equal to 760 torr, and 
the effective Rayleigh cross section was independent 
of composition, then the signal levels reflect density 
and can be used to generate a planar temperature 
map of the flow field. To demonstrate the latter, the 
average data in figure 4(c) have been converted to 
temperature. The resulting image is presented in fig- 
ure 6(a). A line taken across figure 6(a) at X = 2 cm 
shows the temperature variation shown in figure 6(b). 
At Y = 0 cm in figure 6(b), this temperature was 
1000 ± 200 K (2a). This uncertainty was based on 
fluctuations in the Rayleigh-derived temperature ob- 
served atX = 2.5±0.5 cm along the image center- 
line. The data were acquired at 0.6 ±0.1 cm along 
the Z- axis. The expected temperature based on the 
experimental data in reference 20 is 1250 ± 220 K 
(2a). This level of agreement demonstrates the po- 
tential for using Rayleigh scattering to obtain planar 
temperature maps of the vitiated air component of 
this and similar flow fields. 

The instantaneous PRS data in figures 4 
(Z = 0.6 cm) and 5 (Z = 0.4 cm) illustrate several 
results. First, the PRS data were acquired with the 
camera gain reduced by a factor of 2.4 with respect 
to the calibration data to minimize saturation of the 
detection system from anomalous signals. All images 
were corrected accordingly. The average signal levels 
outside the flow corresponded within ±10 percent to 
760 torr, which indicated that the camera gain reduc- 
tion was accounted for quantitatively. Second, the 
PRS signal levels provided a method of identifying 
the approximate location of the boundary between 
the vitiated air flow and room air. Third, signal lev- 
els decreased from the vitiated air/room air interface 
to the centerline of the image. This change was as 
expected for a technique which measures total num- 
ber density and hence temperature. Fourth, for the 
22 images used to generate figure 4(c), the statisti- 
cal standard deviation at most locations in the flow 
field was < 10 percent (la). For reference, the statis- 
tical variation observed in the calibration data was 
<4 percent. This variation compares well with the 
measurements in references 19 and 20 in which root 
mean square (rms) fluctuations of ^10 percent were 


observed in the temperature and the mole fractions 
of nitrogen, oxygen, and water near these locations. 
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Figure 5. Planar Rayleigh images at Z — 0.4 cm. Gray 
scale is in torr. Parts (a) and (b) show instantaneous 
Rayleigh images converted to deduced pressure at room 
temperature. Data were normalized for camera gain 
change of a factor of 2.4. Large signal level changes in 
images required change in gray scale to 100- 1350 torr 
for comparison with other figures. Signal levels rise far 
above this level. In part (b), signals near Y — 1 cm and 
X = 2 ± 1 cm range from 1350 to 3000 torr. Above 3000 
torr, detector saturated. Part (c) shows average Rayleigh 
image based on sum of 22 images. 
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Figure 6. Temperature image based on average Rayleigh data 
at Z = 0.6 cm. Temperature gray scale is in Kelvin. 
Part (a) shows data taken from figure 4(c). Part (b) shows 
single row of data from figure 6(a) at X = 2 cm. 


Planar Laser-Induced Fluorescence 



Data based on OH were acquired at the same 
locations as the Rayleigh data and are presented in 
figures 7 and 8. The high PLIF signal levels required 
that the laser energy be reduced by a factor of 6.2 
and the camera gain by a factor of 3.2 with respect to 
the Rayleigh calibration data. These two reductions 
minimized saturation in the detection system when 
OH images were acquired. A comparison of the 
data of figures 4 and 5 with the data of figures 7 
and 8 shows that near the image centerline, the 
contribution of molecular Rayleigh scattering signal 
to the total signal levels in the PLIF images is less 
than 5 percent. 

In a gaseous environment in which OH is at 
equilibrium, the OH concentration will increase as 
the temperature increases. Based on the Rayleigh 


Figure 7. Instantaneous PLIF images at Z = 0.6 cm. Gray 
scale represents relative signal levels. Images in parts (a) 
and (b) were not normalized for changes in camera gain or 
laser attenuation (corresponding to factor of «20 relative 
to data in fig. 4). Part (c) shows average PLIF image 
based on sum of 22 images. 

results in this study and results in references 19 
and 20, the temperature increases from room air 
toward the supersonic burner centerline. If the OH 
is in equilibrium, then PLIF signal levels should 
increase from the room air interface to the supersonic 
burner centerline. This general trend is evident in 
the average images in figures 7 and 8 and proves that 
the signals were due primarly to OH. The signal level 
trends observed in the PLIF data were the opposite 
of trends observed in the Rayleigh data. 
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Figure 8. Instantaneous PLIF images at Z = 0.4 cm. Gray 
scale represents relative signal levels. Images in parts (a) 
and (b) are similar to those in figure 7. Part (c) shows 
average PLIF image based on sum of 22 images. 

Consider the PLIF data in figures 7 and 8. The in- 
stantaneous PLIF images showed that the spatial and 
temporal OH signal profiles in the vitiated airstream 
were not uniform as portrayed in the average images. 
The instantaneous images showed striation patterns 
or alternating regions of high and low signal levels 
along the F-axis. They also showed that the loca- 
tions and widths of these patterns vary from image 
to image. Along the F-axis, the relative OH signal 
levels varied by as much as a factor of 2. The sig- 
nal levels observed in the PLIF images can be gen- 


erated from three sources: LIF from OH, molecu- 
lar Rayleigh scattering, and anomalous signals. As 
discussed earlier, molecular Rayleigh scattering con- 
tributes less than 5 percent to the total signal un- 
der these conditions. The striation patterns were ob- 
served at many locations along the F-axis, so they 
cannot be the result of anomalous Rayleigh signals 
localized along the vitiated air/room air interface. 
Therefore, they must be due to LIF from OH. 

To investigate these observations further, the 
experimental setup was modified. Using a single 
203-mm cylindrical lens, we focused the beam into 
a sheet that is 25 mm high by 0.08 mm thick. An ul- 
traviolet lens (105 mm, f/4.5) was used to collect and 
focus the PLIF signal onto the camera. This setup 
resulted in a resolution of approximately 0.025 cm 
along the X-axis and 0.035 cm along the F-axis. 
Three of the 22 images acquired with this experi- 
mental setup at a location of 0.6 cm are presented in 
figure 9. These images show both the striation pat- 
terns in the flow field and the eddy patterns inherent 
in the vitiated air. In figure 9, OH signal levels along 
the F-axis can vary by as much as a factor of 3. All 
the PLIF images observed in the flow field showed 
these striations to some degree. The differences in 
sheet thickness in figure 9 (0.08 cm) and figures 7 
and 8 (0.30 cm) and the resulting observations indi- 
cate that this striation was a spatially localized phe- 
nomenon. 

To determine the cause of the striation patterns, 
the parameters in equation (6) which could affect sig- 
nal levels were examined. These include the transi- 
tion line width, A n/n (the Boltzmann fraction), the 
fluorescence quantum yield, and the OH density. All 
were functions of temperature. Based on the PRS 
data along with the data in references 19 and 20, the 
maximum instantaneous absolute temperature vari- 
ation across the center 66 percent of the vitiated air 
flow field was 800 to 1500 K. The striation patterns 
cannot be due to changes in the transition line shape. 
In vitiated air at 1250 K, the line shape can be de- 
scribed by a Voigt profile. The inhomogeneous or 
Doppler broadening was approximately 0.20 cm -1 
and the homogeneous broadening was approximately 
0.06 cm -1 . This broadening resulted in a transition 
line width of approximately 0.23 cm -1 . The manu- 
facturer’s specified laser line width was 0.32 cm” 1 . 
Because the Voigt profile was dominated by Doppler 
broadening, it was essentially independent of compo- 
sition and depended on the square root of tempera- 
ture. From 800 to 1500 K, the Voigt profile changed 
<25 percent and the convolution of the Voigt profile 
with the laser profile changed <10 percent. The 
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Figure 9. Instantaneous PLIF images acquired at high reso- 
lution and at Z — 0.6 cm. Gray scale represents relative 
signal level. 

striation patterns may have been due to changes 
in the Boltzmann fraction because it changed by 
70 percent from 800 to 1500 K for this transition. 
However, if the temperatures in the instantaneous 
flow field varied greatly, they should have been ob- 
served in the PRS images. Even though the sheet 
thickness in the PRS was 300 ^m, no evidence of 
striation patterns were observed. 

In this flow field, water dominated the quenching 
process. Little information can be found in the liter- 


ature on the temperature-dependent quenching cross 
sections for water. However, based on what data 
are available, the quenching cross section varies less 
than 20 percent from 800 to 1500 K. Water concen- 
tration changes of 100 to 200 percent could create 
the observed signal changes by influencing quench- 
ing. However, the authors of references 19 and 20 
have measured rms fluctuations in this region for ma- 
jor species densities (N 2 , O 2 , and H 2 O) of approxi- 
mately 10 percent. The striation patterns .were prob- 
ably not the result of water nonuniformities. Finally, 
OH density changes of 100 to 200 percent could ex- 
plain the striation patterns. If the OH were in ther- 
modynamic equilibrium, the density would vary as a 
function of temperature. For a temperature change 
of 1200 to 1300 K, the equilibrium OH concentration 
varies by a factor of 3.5. (See footnote 2.) This tem- 
perature variation is well within the uncertainties in 
the Rayleigh results as well as those in references 19 
and 20. Thus, based on the available information, 
the observed striation patterns are most likely the 
result of small localized instantaneous temperature 
nonuniformities in the vitiated air. 

Although the cause of these temperature non- 
uniformities is not fully understood, a distinct possi- 
bility may be the design and location of the hydrogen 
injectors in the settling chamber. These injectors are 
approximately transverse to the air flow. (See refs. 17 
and 18.) The instantaneous mixing of fuel and air 
in the settling chamber around the hydrogen injec- 
tors may not have been uniform. This nonunifor- 
mity could result in instantaneous localized regions 
of varying hydrogen concentration. The resulting ox- 
idation of hydrogen could produce the observed stri- 
ation patterns. Therefore, the injector design in con- 
junction with incomplete mixing is likely both the 
cause of the eddy patterns as well as the reason they 
can be observed in figure 9. 

Anomalous Signals 

The application of planar Rayleigh scattering to 
this flow field has shown anomalously high signal lev- 
els near the vitiated air/room air interface. These 
high levels can be seen in figures 4(a) and 5. None 
were observed in the instantaneous images beyond 
0.6 cm along the Z-axis. In all individual images 
probed at 0.3 to 0.6 cm along the Z-axis, these 
anomalous flow features were observed only on the 
right side of the images near the vitiated air/room 
air interface. From the outer edge of the Mach 2 flow 


2 PACKAGE code obtained from A. Paboojian or 
K. Annen, Aerodyne Research, Inc., Billerica, Massachusetts. 
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field along the Z-axis toward the origin, the spatial 
and temporal frequencies, intensities, and lengths of 
these features increased. This change can be seen 
in figures 4 and 5. These features were observed in 
2 of the 22 images acquired at Z = 6 cm and in 
21 of the 22 images at Z = 4 cm. Two anomalous 
images did not affect the average image shown in 
figure 4(c), but 21 of the 22 images dominated the 
final average shown in figure 5(c). At both locations, 
the camera gain was decreased by a factor of 2.4 
relative to the calibration data. All Rayleigh data 
presented were corrected for this factor. No images 
at the location of figure 4 show saturation, but 11 of 
the 22 images which contribute to figure 5(c) exhibit 
localized saturation. 

Consider a given spatial location in two sequential 
images which was first unaffected then affected by the 
anomalous signals. Instantaneous and average PRS 
deduced pressures without these flow features range 
from 350 to 600 torr; the deduced pressures gener- 
ated by these anomalous flow features range from 
1000 to 3000 torr. Above 3000 torr the detection 
system saturated. This flow exhausted into the at- 
mosphere at a matched static pressure. (See table I.) 
This fact, the confirmed (refs. 17- 20) mole fraction 
data in table II, the Rayleigh cross sections in ta- 
ble III, and the flow-field signal levels without these 
anomalous flow features indicate that no molecular 
gaseous species in this flow field with a product of 
density and Rayleigh cross section was large enough 
to generate the signal levels. Therefore, the signal 
levels could not have been generated by molecular 
Rayleigh scattering from a gaseous species. 

The locking efficiency of the tunable excimer laser 
was not 100 percent. Some researchers might argue 
that the anomalous signals in figures 4 and 5 perhaps 
could have been localized pockets of OH in high con- 
centration that were excited by the unlocked laser 
fraction. However, the laser was predicted to be ap- 
proximately 1 percent unlocked and approximately 
5 percent of the unlocked portion of the laser overlaps 
OH transitions. If the anomalous signals were due to 
pockets of OH, similar pockets should have been ob- 
served in the PLIF images; however, the PLIF images 
showed no such pockets. Therefore, the anomalous 
signal levels in the Rayleigh images cannot be due to 
localized pockets of OH in high concentration that 
were excited by the unlocked laser fraction. 

This problem can also be viewed as follows. As- 
sume that the anomalous PRS signals were due to 
OH. The data indicate that these signal levels de- 
creased by more than a factor of 2 over 2,5 cm of 
the flow field after being ejected from the supersonic 
burner. This level corresponds to approximately 


20 fi sec. In this flow, OH can be removed by reac- 
tion with O, H 2 , and OH with the following Arrhe- 
nius expressions from reference 25 in cm 3 /molecule- 
sec: 2.99 x 10" 11 , 1.7 x 10“ 16 T 16 exp( — 13.8 kJ/RT), 
and 1 x 10 -11 exp(-4.6 kj /RT). The equilibrium 
O-atom concentration was 1.8 x 10 11 molecules/ 
cm 3 . References 19 and 20 quoted average hy- 
drogen mole fractions of less than 0.0001. There- 
fore, both reactions were too slow to remove OH 
in 20 //sec. For self- reaction to remove the OH, a 
concentration of 10 16 molecules/cm 3 was required. 
The equilibrium OH concentration was 5.5 x 10 13 . 
If more than two orders-of- magnitude difference ex- 
isted in the localized OH concentration about the 
PLIF image centerline, the instantaneous and av- 
erage PLIF images should have easily detected this 
variance; however, no such signal level changes were 
observed. Therefore, the anomalous signals observed 
in the PRS images were not the result of OH excita- 
tion by the unlocked laser fraction. 

In the previous paragraphs the argument has 
been presented that no molecular gaseous component 
of this flow field can produce the observed anomalous 
signals. Therefore, the anomalous signals were the 
result of scattering from a nongaseous species. Two 
sources of nongaseous scattering species are possible. 
One possibility was metal flakes (nickel or stainless 
steel) that were ejected from the inner walls of the 
settling chamber. This flaking was unlikely because 
the large quantity of material ejected should have 
rapidly disintegrated the supersonic burner. Also, 
as the height above the surface of the supersonic 
burner increased, the spatial and temporal frequency, 
intensity, and length of the features decreased until 
they were no longer observed. Few features were 
observed above X = 10 cm and none were observed 
above 15 cm. Metallic flakes should not vaporize 
at the temperatures near the vitiated air/room air 
interface. 

The other possibility was liquid water. Although 
unlikely in a combustion environment, the presence 
of liquid water could explain several observations. 
The first observation was the elongated size of the 
anomalous flow features, which would be the ex- 
pected shape for liquid water detaching from a sur- 
face. Second, the liquid water would vaporize as 
it traveled downstream. Finally, the presence of 
liquid water could explain the temperature, OH, 
and water asymmetries observed by other researchers 
(refs. 17 20) in the supersonic burner. The vitiated 
air flow was 25-percent water after complete combus- 
tion in the settling chamber. 

The settling chamber has water-cooled walls. 
Gaseous water could conceivably condense on the 
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settling chamber walls, be channeled to a localized 
region, and be ejected along the edge of the outer 
injector. If this hypothesis is correct, an increase in 
the temperature of the settling chamber walls should 
lower the anomalous signal levels. We can alter the 
temperature by varying the flow rate of the water 
that cools the settling chamber. Subsequent tests 
based on this analysis were performed by another re- 
searcher. (Personal communication with G. Diskin, 
Langley Research Center, Hampton, Virginia.) As 
the settling chamber wall temperature increased, the 
anomalous signal levels decreased. Also, the center 
injector and settling chamber walls were cooled with 
separate water supply controls. Variances in the wa- 
ter flow caused observable anomalous signals from 
either the center or the outer injector. This experi- 
ment supports the hypothesis that liquid water was 
being injected into the flow field. 

Conclusions 

The use of planar Rayleigh scattering (PRS) 
and planar laser-induced fluorescence (PLIF) to in- 
vestigate the vitiated air component of a coax- 
ial hydrogen/vitiated air nonpremixed turbulent jet 
flame at a Mach number of 2 has produced several 
results. 

1. The signal is sufficient to obtain planar informa- 
tion in the vitiated air component of an unseeded, 
hot, annular jet at a Mach number of 2 and at at- 
mospheric pressure by using both PRS and PLIF. 
Both techniques can be implemented using a sin- 
gle xenon chloride tunable excimer laser. 

2. The PRS technique produced a signal that can 
be converted into a temperature map. This con- 
version is possible because the pressure of the 
flow field was assumed known and uniform and 
because calculations here have shown that the 
major components in the flow field had an effec- 
tive Rayleigh cross section that can be consid- 
ered independent of composition. The measured 
temperatures in this study agreed well with those 
obtained by previous researchers and with the 
values based on the adiabatic and isentropic ex- 
pansion. The PRS data also indicated that fluc- 


tuations in both temperature and density are 
minimal (<10 percent) for a large area of the vi- 
tiated air portion of this flow field. This finding 
also agrees with results published by previous re- 
searchers. 

3. The use of PLIF to obtain qualitative information 
has revealed the following: First, the hydroxyl 
molecule was ejected from the settling chamber 
with the vitiated air in sufficient concentration to 
generate planar images of the flow field. Second, 
the PLIF images showed evidence of striation pat- 
terns; these are most likely the result of small 
localized instantaneous temperature nonunifor- 
mities in the vitiated air. The cause of these 
nonuniformities is not fully understood; the hy- 
drogen injector design, location, or orientation in 
the settling chamber may cause them. Third, the 
PLIF data reveal evidence of eddy patterns in 
the vitiated air. Both the striation and eddy pat- 
terns show that some components of the vitiated 
air flow field were unsteady. This unsteadiness is 
expected to propagate into the fuel/ vitiated air 
region and may create or enhance fluctuations in 
the reacting part of this flow. Any attempt to un- 
derstand the combustion process in a supersonic 
nonpremixed jet flame must include a detailed un- 
derstanding of the properties of the vitiated air 
flow. 

4. The results from both the PLIF and PRS tech- 
niques have revealed that a nongaseous flow com- 
ponent is localized near the vitiated air/room 
air interface. The arguments and experimen- 
tal observations suggest that this component was 
the result of liquid water that condensed on the 
walls of the settling chamber and subsequently 
was ejected into the flow field. This condensa- 
tion problem is possible in similarly designed su- 
personic burners and must be minimized before 
meaningful measurements can be obtained. 


NASA Langley Research Center 
Hampton, VA 23681-0001 
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